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Abstract: Crosslink density, microstructure and mechanical properties of styrene 
butadiene rubber (SBR) composites filled with different particle sized kaolinites are 
investigated. With the increase of kaolinite particle size, the crosslink densities of the 
filled SBR composites, the dispersibility and orientation degree of kaolinite particles 
gradually decrease. The crosslink densities of the filled SBR composites range from 
267.43 to 180.72mol/m3. In filled rubber composites some big cracks are distributed 
along the fringe of kaolinite aggregates, and the absorbance of all the absorption 
bands of kaolinites gradually increase as the particle size of the kaolin increased. A 
481.2% increase in tensile strength, and 520.4% and 889.5% increases in 100% and 
300% tensile modulus are observed in filled SBR composite by the finest kaolinite  
compared to pure SBR. All mechanical property indexes of kaolinite filled SBR 
composites decrease due to the decreased crosslinking and reduced interface 
interaction between filler and rubber matrix. 
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INTRODUCTION 
Synthetic elastomers used in the rubber industry are amorphous high polymers 
having low glass transition temperatures, so that the chains are thermally mobile 
under the temperature conditions to be encountered in service. The primary chains 
have molecular weights typically in the region of 200,000 to 500,000 weight average. 
Crosslinks are introduced during the vulcanization process, the molecular weight 
between cross-links being typically of the order of 5,000 to 10,000. Vulcanization 
changes the material from a formable, viscoelastic substance to a highly elastic 
product capable of returning essentially to its original shape following very large 
deformations [1]. As applied to an amorphous elastomer such as styrene-butadiene 
rubber (SBR), the vulcanization process yields resilient products having elastic 
properties but very little strength. Strength properties are introduced by the addition of 
"reinforcing" fillers, with carbon black being by far the most commonly used [2]. 
It is well known that physical properties of polymers greatly depend on their 
condensed state [3]. Chemical crosslinking is an effective way for improving physical 
properties of polymeric materials. The crosslinking network seriously restrains the 
movement of molecular chains in the melt state, preventing them from arranging into 
lamellar folds and affecting polymer crystallization finally [4]. Crosslink density is 
one the most important parameters of elastomers and dynamic vulcanizates. Almost 
all mechanical properties, e.g. modulus, hardness, tear and tensile strength, creep, 
relaxation and compression set, depend strongly on both the crosslink density in the 
rubber phase and its dispersion morphology, in terms of the rubber domain sizes and 
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distributions [5]. For this reason, knowledge of this parameter is of major interest for 
the production and usage of these materials [6]. Until now, there are only few methods 
available for the determination of crosslink density. For conventional elastomers, 
equilibrium swelling measurements [6-8], mechanical tensile tests in combination 
with Mooney-Rivlin-plots [9] and magnetic resonance techniques (NMR) [10, 2, 5] 
are used for this purpose. In this paper, the traditional equilibrium swelling method 
was used to investigate the influence of kaolinite with different particle size on 
crosslink density, microstructure and mechanical properties of styrene-butadiene 
rubber (SBR). 
 
EXPERIMENTAL 
Materials 
Four kaolinite samples were obtained by free settling at room temperature from a 
deposit with hydrothermal alteration origin in China (Zhangjiakou). The raw kaolinite 
was blended with water at a weight ratio of 1:4, and added 0.5% sodium 
hexametaphosphate as dispersant. The pH of suspension was adjusted to 10.0 using a 
suitable sodium hydroxide solution, and stirred for two hours. Then, the upper 
suspension was extracted to another container with siphon method after settling for 10 
min. The sand and mud at the bottom were separated from the kaolinite suspension. 
The new suspension was resettled according to the set time. After settling for 480 min, 
the 2 cm high suspension extracted from the upper was labelled as the sample of FS-1; 
the rest of the suspension was stirred one hour again and resettled 184 min. FS-2 was 
obtained through siphoning the 1 cm part of the stable suspension in the upper; FS-3 
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was also obtained according to the same processing method of FS-2 after resettled 114 
min. The residual suspension was labelled as sample FS-4.  
For the four samples of FS-1, FS-2, FS-3 and FS-4, the value of d50 is 1.004, 1.401, 
1.935 and 2.184 μm, respectively; the value of d90 is 2.115, 2.590, 3.871 and 6.305 μm, 
respectively. The particle size increases gradually from FS-1 to FS-4. The specific 
surface area (SSA) of FS-1, FS-2, FS-3 and FS-4 was 7.01, 5.13, 3.99 and 3.69 m2/g, 
respectively. The specific surface area gradually decreases with the increase of 
kaolinite particle size. FS-1 sampleis of the highest surface area due to the formation 
of a porous structure resulted from many fine kaolinite particles stacking loosely. 
Preparation of Rubber Composites 
The kaolinite suspension samples were stirred evenly using a mechanic 
mixer and 2.0% silane coupling agent (KH-Si69) was allowed to react for one hour at 
around 80°C. The modified kaolinite suspension samples were blended with 
SBR1500 latex (22.4% solid content) about 20mins under the low stirring rate, and 
flocculated with the dilute hydrochloric acid solution (1.0%). The compounds were 
dried in a vacuum drier at around 80°C. Then the dried compounds were processed 
into SBR composites using a two roll mill. Formulation of SBR composites (phr) are 
as follows: SBR, 100.00; zinc oxide, 3.00; stearic acid, 1.00; accelerator NS, 1.00; 
sulfur, 1.75; kaolinite, 50; phr is the abbreviation of mass parts per 100 mass parts 
rubber. The preparation procedure of rubber composite can be briefly described as 
following: the dried compound contained kaolinite and raw rubber was plasticized in 
the open mill, then ZnO, stearic acid, accelerator NS and sulfur were added into the 
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plasticized compounds in turn, and mixed even for 12~15min. The rubber mixture in 
the form of sheets of 150×150×2 mm was vulcanized in a mould at 153°C in a press 
up to the optimum cure time. The applied pressure was 10.0 MPa. The samples were 
cooled rapidly in air at the end of the curing cycle.  
 
Calculation of Crosslink Density 
Crosslink density (D) can be defined as the number of the cross-linking bond 
under unit quality in polymer. The crosslink densities of the vulcanized rubbers were 
determined using a toluene-swelling equilibrium method. The vulcanizate sample was 
cut into squares (2 cm wide and 1–2mm thick), and then was immersed in a conical 
flask with toluene. The volume ratio of rubber and toluene is for 1:100. Then the 
vulcanized rubber was swelled for 72h at 30°C in a thermostat. At last, the swollen 
rubber sample was taken out of the toluene and weighted after the surface solvent 
wiped from the sample’s surface using a clean filter paper. The weight of the toluene 
absorbed in rubber composite is equal to the weight of the swollen rubber composite 
subtracting the weight of the non-swollen rubber composite. The crosslinking density 
can be calculated according to the Flory-Rehner equation [4, 9, 11, 12]. The 
Flory-Rehner equation is given as: 
𝐷 = −[ln(1− 𝑣r) + 𝑣r + χ𝑣r2]/[𝑉𝑠(𝑣r1 3⁄ − 𝑣r/2)] 
where D is the network chain density (mol/cm3), υr is a volume fraction of rubber in a 
swollen net-work [13, 14, 7], Vs is the molar volume of toluene (106.87 cm3/mol), and 
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χ is the interaction parameter between the rubber molecules and solvent molecules, 
here χ =0.386 [7]. 
𝑣r = (𝑊r 𝜌r⁄ )/(𝑊r 𝜌r⁄ +𝑊s 𝜌s⁄ ) 
where Wr and Ws are the weight of pure rubber and the weight of solvent adsorbed by 
the sample, respectively, ρr is the density of the rubber (0.915 g/cm3), and ρs is the 
density of toluene (0.866 g/cm3). 
According to Flory-Rehner equation, the average molecular weight (Mc) of 
effective chains between crosslinking sites can expressed as Mc = ρr/D [6]. 
 
Characterization of Microstructure and Mechanical Properties 
The particle size distribution of the four kaolinite samples was measured using a 
Mastersizer 2000 laser particle size analyzer of Malvern company (wet, cycle 
injection mode, and test time: 1-2 min). The FTIR spectra of the kaolinite samples 
were recorded on a Bruker Tensor27-spectrometer in the region 4000−400 cm-1 using 
potassium bromide/kaolinite pellet technique at the ratio of 200 to 1.The structure 
changes of the SBR/kaolinite composites were characterized SEM, TEM and 
attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR). The 
membranes were cut off from the cross-section of the broken rubber samples, and 
adhered to Cu stubs using conductive adhesive, and SEM micrographs were obtained 
with a S4800 LV electron microscope under 5.0 kV. TEM observations of 
rubber/kaolinite composites were performed on a JEM-2100 transmission electron 
microscope with an acceleration voltage of 200 kV. The ATR-FTIR spectra of the 
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rubber/kaolinite composites were recorded on a Nicolet 6700 attenuated total 
refraction–Fourier transform infrared spectrometer (32 scans at 4cm-1 resolution) 
using diamond crystal. 
The mechanical properties of rubber composites were determined in accordance 
with the testing standards of ISO 7619-2004 and ISO 37: 1994. 
 
RESULTS AND DISCUSSION 
Crosslinking Density Analysis 
Crosslink density is equal to the number of the cross-linking bond under unit 
quality in polymer. In general, the bigger crosslinking density, the elastomer has the 
lower average molecular weight. There is a negative correlation between crosslink 
density and average molecular weight. The influence of kaolinite particle size on the 
crosslink density of the SBR composite is shown in Figure 1. It is apparent that the 
crosslink densities of the filled SBR composites were decreased from 267.43 to 
180.72mol/m3 with the increasing kaolinite particle size (d50 and d90). The average 
molecular weights were increased remarkably from 3421.39 to 5063.17 g/mol and 
show the reverse change tendency compared to crosslink density. The increase in 
particle size generates fewer radicals in the rubber matrix consequently less 
crosslinking occurred. Also, the crosslink densities of the filled samples are larger 
than that of unloaded pure rubber (192.38mol/m3) except the FS-4 filled sample. 
These results are supported by the explanation of Mousa and Kocsis [8] who reported 
that the changes in crosslinking can be ascribed to a uniform dispersion of the layered 
silicates, and also, due to interaction filler/matrix at the interface [15] which further 
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forms a physical crosslink with the rubber matrix. For four kaolinite samples, the 
particle size increases gradually from FS-1 to FS-4 due to the agglomerate of kaolinite. 
In FS-4 filled sample, this agglomeration reduces the physical crosslink density of the 
vulcanized rubber due to the decreasing of interaction between filler and matrix at 
interface. Therefore, crosslink density can be improved effectively only if the filler is 
of a suitable particle size. In this work, the filled rubber has been enhanced obviously 
in crosslink densities except the FS-4 filled sample as compared to pure rubber. 
 
Insert FIG. 1 Here  
 
When filler is incorporated into rubber, along with crosslinking agents, a 
complex network [2] is formed which comprises a network introduced by chemical 
crosslinking, a network formed through the physical interaction between filler 
aggregates and a network formed between filler particles and rubber molecules 
through physical adsorption or chemical bonds of rubber chains on the surface of 
filler particles which is also called a bound rubber layer. These three net-works in 
filled rubber system are not isolated but interact with each other and form a 
complicated network in the final products, which has a decisive influence on 
mechanical properties of the final vulcanizates [11]. 
 
SEM Analysis 
In order to investigate the microstructure of kaolinite filled rubber composites, 
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the cross-section of tensile rubber samples are observed using S-4800 SEM. SEM 
micrographs of SBR composites filled by different particle size kaolinites are shown 
as Figure 2. Figure 2(a) indicates that kaolinite particles are evenly dispersed in 
rubber matrix for FS-1 sample. The kaolinite particle is very fine. For FS-2 and FS-3 
samples, the particle size of kaolinite stacks becomes much larger than that in FS-1 
sample. The aggregate of kaolinite particles is more serious shown in Figures 2(b) and 
2(c). There are some obvious cracks and holes. For FS-4 sample, the kaolinite particle 
size becomes much larger, and some big cracks are distributed along the fringe of 
kaolinite agglomerates shown in Figure 2(d). The cracks will leads to the decrease of 
the mechanical properties of filled rubber/kaolinite composite.  
 
Insert FIG.2 Here 
 
TEM Analysis 
The TEM micrographs of SBR composites filled by fine kaolinite particles (FS-1 
sample) are shown in Figures 3(a) and 3(b). It can be seen that the thin kaolinite 
stacks are finely dispersed in the SBR matrix. There is no further agglomeration of the 
kaolinite particles after incorporation in the SBR matrix. The kaolinite particles are 
around 20 to 100 nm in thickness and reach the nano-scale. Kaolinite particles present 
parallel directional arrangement. Figures 3(c) and 3(d) show the micrographs of SBR 
composites filled by the coarse kaolinite particles (FS-4 sample). It can be seen that 
the kaolinite particles become larger and about 100 to 300nm in thickness. The 
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dispersibility and orientation degree are reduced due to the agglomeration of kaolinite 
particles, which will damage the mechanical properties of the rubber composite [16]. 
 
Insert FIG. 3 Here 
 
For the fine kaolinite particles, much better interface interaction can be obtained, 
and many more physical crosslinks will be generated between the rubber matrix and 
the filler particles. In addition, the directional arrangement of kaolinite layers are of 
the  restriction to the rubber molecular chains [17], which is very helpful in 
improving the tensile properties of the filled rubber composite. 
 
FTIR Analysis 
FTIR spectral patterns for four kaolinite samples are shown in Figure 4. The 
bands at 3800−3500 cm-1 are assigned to inner-surface and inner hydroxyl stretching 
vibration. The bands at 1200−1000 cm-1 and 600−400 cm-1 are attributed to Si-O 
stretching and bending vibration. The bands at 1000−600 cm-1 are related to Al-OH 
bending and translational vibrations.[18, 19] As the increase of kaolinite particle size, 
the absorbance of all absorption bands gradually decreases from FS-1 to FS-4.  
 
Insert FIG. 4 Here 
 
FTIR spectra of SBR composites filled by different particle size kaolinites are 
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shown in Figure 5. It can be seen from the pure rubber spectrum that the bands at 
3023 cm-1, 2918 cm-1 and 2845 cm-1 present the unsaturated =C–H stretch vibration, 
the bands at 1541 cm-1, 1493 cm-1 and 1445 cm-1 are assigned to C=C stretching 
vibration, the weak bands at 1076 cm-1 and 1027 cm-1 are attributed to C–C stretching 
vibration, the bands at 966 cm-1 , 912 cm-1, 758 cm-1 and 700 cm-1 may be related to 
the bending vibration of –OH for stearic acid in rubber formulation. The –OH bands 
at 1000−600 cm-1 overlap with the Al–OH bending vibration of kaolinite. When the 
kaolinites with different particle size are incorporated into the SBR matrix, all the 
absorption band of kaolinite shown in Figure 5 increase gradually in absorbance as 
the increasing kaolinite particle size from FS-1 to FS-4, which is opposite to the 
change tendency of the four kaolinites observed at Figure 4. However, the absorption 
intensities of the groups represented rubber system become weak. It indicates that the 
interaction is much stronger between the kaolinite surface and rubber matrix in the 
rubber system filled by the finer kaolinite particle. The strong interaction restricts the 
movement of rubber molecular chains, which leads to forming much more physical 
and chemical crosslink in rubber/kaolinite composite system [20]. The increase of the 
crosslink bonds is very beneficial to improve the mechanical properties of filled 
rubber composites. 
 
Insert FIG. 5 Here 
 
Mechanical Properties Analysis 
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The changes in tensile strength and tensile modulus of the pure SBR and filled 
SBR composites loaded with different particle size kaolinites are shown in Figure 6. 
For the kaolinite filled SBR composites, the tensile properties decrease with 
increasing kaolinite particle size. The decrease in tensile properties is attributed to the 
decreasing crosslinking of the filled SBR composite systems. Also, it is observed that 
the values of tensile properties of SBR/kaolinite composites are significantly 
improved than the unloaded (pure) SBR. A 481.2% increase in tensile strength, and 
520.4% and 889.5% increases in 100% and 300% tensile modulus are observed in 
filled SBR composite by the finest kaolinite (FS-1) compared to pure SBR. The high 
tensile values of FS-1 filled SBR composite may be attributed to the homogeneous 
dispersion of the fine kaolinite sheets in the rubber matrix as well as strong interaction 
between matrix and kaolinite particles. However, the decrease in tensile properties for 
FS-4 filled SBR composite may be attributed to the agglomeration of clay particles 
which can be seen in SEM and TEM section. The sample prepared using the method of 
FS-4 has the fewer numbers of kaolin stacks, which does lead to the lower specific surface area 
than that of FS-1. [7]. This means that further polymer matrix needs to be incorporated 
between silicate stacks. Accordingly, weak interfacial adhesion between the two 
phases of matrix and filler resulted in decreasing the mechanical strength. In these 
weak interacting regions, loops in several chains are in close proximity, but do not 
entangle with one another. These agglomerates of chain ends cause also micro cracks 
at the interface which lower the available rubber matrix-clay interaction surface. All 
of these possibilities lead to lower strength values in filled SBR system with large 
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particle size kaolinite. 
 
Insert FIG. 6 Here 
 
The key factor for the improvement in the tensile properties was thought to be the 
high aspect ratio of layered silicate which provided greater surface area for the 
interaction between kaolinite particles and rubber matrix. This enables effective 
transfer of the applied stress to the silicate layers [21, 22]. The other reason might be 
because fine silicate layers oriented along the direction of the stress and contributed to 
an increase in tensile strength. Rigid fillers are naturally resistant to straining due to 
their high moduli. Therefore, when a relatively softer matrix is reinforced with such 
fillers, the polymer, particularly that adjacent to the filler particles, becomes highly 
restrained mechanically. This enables a significant portion of an applied load to be 
carried by the filler, assuming, of course, that the bonding between the two phases is 
adequate [23]. From this mechanism, it becomes obvious that the larger the surface 
area of the filler in contact with the polymer matrix, the greater the reinforcing effect 
will be as shown in Figure 6. 
For kaolinite filled SBR composites, a systematic decrease in elongation and 
hardness was observed in Figure 7 with the increase in particle size (d90) of kaolinite. 
This behavior is similar to tensile strength. The agglomeration of kaolinite particles 
causes a decrease in elongation. In addition, the values of elongation at break for 
SBR/kaolinite composites are remarkably lower than that of pure SBR. This may be 
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attributed to the fact that ductility decreases when hardness is increased by 
reinforcement.  
 
Insert FIG. 7 Here 
 
Addition of kaolinite remarkably increases the tearing strength of filled SBR 
composites, as shown in Figure 8. The increase in tear strength may be attributed to 
the effective interaction of the rubber chains on the surface of the kaolinite sheets, i.e., 
restrict the motion of rubber molecules and consequently hinder the propagation of 
the crack during tearing. However, tear strength decreases as increasing particle size 
of kaolinite. In rubber system filled by coarse kaolinite particle (FS-4), the big 
kaolinite stacks make the kaolinite-rubber interaction more difficult than in the fine 
kaolinite (FS-1) filled rubber composite. The decrease in tear strength should be 
attributed to the agglomeration of the silicate layers which results in weak interface 
regions in matrix-filler system. 
 
Insert FIG. 8 Here 
 
All the mechanical performance indexes decrease as the increase in kaolinite 
particle size. Generally, the addition of kaolinite to SBR rubber matrix results in better 
mechanical properties.  
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CONCLUSIONS 
The equilibrium swelling experiments showed that the crosslink densities of the 
filled SBR composites are decreased gradually as the increase of kaolinite particle 
size. The dispersibility and orientation degree of kaolinite particles observed at SEM 
and TEM gradually decrease with the increase of the agglomeration of kaolinite 
particles in rubber matrix. Some big cracks are distributed along the fringe of 
kaolinite aggregates. In addition, all the absorption bands of kaolinites in filled rubber 
systems gradually increase in intensity from FS-1 to FS-4, which indicates the 
interaction is weakened between the filler and rubber matrix with the increase of 
kaolinite particle size. The decreasing crosslinking and interface interaction between 
filler and rubber matrix result in the decrease of all mechanical property indexes of 
kaolinite filled SBR composites.  
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FIG. 1. Crosslink density and average molecular weight of SBR composites filled by 
different particle size kaolinites 
FIG. 2. SEM micrographs of SBR composites filled by different particle size 
kaolinites; (a) FS-1, (b) FS-2, (c) FS-3, (d) FS-4. 
FIG. 3. TEM micrographs of SBR composites filled by different particle size 
kaolinites; (a, b) FS-1, (c, d) FS-4. 
FIG. 4. FTIR spectral patterns for four kaolinite samples 
FIG. 5. FTIR spectra of SBR composites filled by different particle size kaolinites 
FIG. 6. Specific surface area of kaolinites and tensile properties of SBR composites 
FIG. 7. Hardness and elongation at break of pure SBR and kaolinite filled SBR 
composites 
FIG. 8. Tear strength of pure SBR and kaolinite filled SBR composites 
 
